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The preimplantation development of the mouse embryo leads to the formation of two populations of cells: the
trophectoderm, which is a perfect epithelium, and the inner cell mass. The divergence between these two lineages is the
result of asymmetric divisions, which can occur after blastomere polarization at compaction. The apical pole of microvilli
is the only asymmetric feature maintained during mitosis and polarity is reestablished only in daughter cells that inherit
all or a sufficient part of this pole. To analyze the role of ezrin in the formation and stabilization of the pole of microvilli,
we isolated and cultured inner cell masses (ICM). These undifferentiated cells can differentiate very quickly into epithelial
cells. After isolation of the ICMs, ezrin relocalizes at the cell cortex before the formation of microvilli. This redistribution
occurs in the absence of protein synthesis. The formation of microvilli at the apical surface of the outer cells of ICM
correlates with a major posttranslational modification of ezrin. We show here that this posttranslational modification is not
controlled by a serine/threonine kinase but an O-glycosylation may partially contribute to it. These data suggest that ezrin
has at least two roles during development. First, ezrin may be involved in the formation of microvilli because it localizes
at the cell cortex before microvilli appear in ICMs. Second, ezrin may stabilize the pole of microvilli because it is modified
posttranslationally when microvilli form. © 2001 Academic Press
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The mouse blastocyst is composed of an outer layer of
epithelial cells, the trophectoderm (TE), which encloses a
cavity called the blastocoel, and a group of undifferenti-
ated cells, the inner cell mass (ICM). The divergence
between these two populations is the result of asymmet-
ric cell divisions. The polarization of blastomeres during
the 8-cell stage, at compaction, leads to unequal divi-
sions. During compaction, the blastomeres become adhe-
sive and polarize along a radial axis determined by the
position of cell– cell contacts (Ziomek and Johnson,
1981). Polarization corresponds to an extensive reorgani-
1 Present address: De´partement de Biologie du De´veloppement,
Institut Jacques Monod, CNRS–Universite´ Paris 7–Universite´ Paris
6, 75005 Paris, France.
2 To whom correspondence should be addressed. Fax: 33-1-44-27-
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190ation of the blastomeres. Actin filaments, microtubules,
lathrin, and endosomes accumulate in the apical domain
f the cytoplasm and an apical pole of microvilli forms in
he cortex (Johnson and Maro, 1986). Compaction can
ake place in the absence of protein synthesis and thus
eems to be regulated by posttranslational events like
hosphorylation. In particular, PKC is involved in com-
action (Bloom, 1989; Winkel et al., 1990). Throughout
he following mitosis, the cytoplasmic polarity is lost
nd only the microvillous pole persists. In the 16-cell
mbryo, any blastomere that inherits either all or a
ufficient part of the apical pole becomes polar and
ocalizes at the periphery of the embryo while the others
emain apolar and central. This mechanism also takes
lace during the transitions from 16- to 32- and 32- to
4-cell stages. The differentiation of the outer polar
lastomeres into a functional epithelium is achieved by
he late 32-cell stage when cavitation occurs. However,
n apolar inner blastomere can still differentiate into an
0012-1606/01 $35.00
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191Ezrin and Epithelial Differentiationepithelial cell when exposed to the surface of the embryo
(Ziomek et al., 1982). Thus it is clear that the unequal
divisions of polarized cells is an essential mechanism
leading to the formation of the ICM and TE. In an
attempt to understand the mechanisms involved in the
formation and the stabilization of the apical pole of
microvilli, we became interested in the expression of
ezrin in the preimplantation mouse embryo (Louvet et
al., 1996).
Ezrin is the founding member of the ezrin–radixin–
moesin (ERM) family of proteins, which share about 75%
amino acid sequence identity (Sato et al., 1992). This
family belongs to the superfamily of the Band 4.1 protein.
Ezrin was first characterized as a component of intestinal
microvillous cytoskeleton (Bretscher, 1983). It has since
been found in the apical microvilli of a wide variety of
polarized epithelial cells (Bergman et al., 1993; Hanzel et
al., 1991) and in actin-rich surface differentiation of
cultured cells (Bretscher, 1989; Franck et al., 1993; Gould
et al., 1986; Sato et al., 1992). Ezrin is involved in
membrane– cytoskeleton interaction: it binds F-actin in
vitro (Roy et al., 1997; Turunen et al., 1994) and in vivo
(Algrain et al., 1993) and it interacts with some mem-
brane proteins such as ICAM 2 (Helander et al., 1996),
CD43 (Yonemura et al., 1993), and CD44 (Tsukita et al.,
1994). ERM proteins play a role in determining cell
surface morphology (Edwards et al., 1994; Lamb et al.,
1997; Takeuchi et al., 1994). Several observations suggest
that ezrin may be regulated by phosphorylation. Treat-
ment of A431 cells with EGF initiates the formation of
surface structures containing ezrin, coincident with the
phosphorylation of ezrin on tyrosine and serine residues
(Bretscher, 1989; Franck et al., 1993). Ezrin is a substrate
for the tyrosine kinase HGF-receptor (Crepaldi et al.,
1997). cAMP-mediated stimulation of gastric parietal
cells induces the appearance of microvilli containing
ezrin and the phosphorylation of ezrin on serine residues,
most likely by PKA (Hanzel et al., 1991).
In the preimplantation mouse embryo, ezrin becomes
restricted to the apical pole of the blastomeres at compac-
tion, concomitantly with the appearance of a new post-
translational form of ezrin. Its relative amount increases
from the 8-cell stage to the blastocyst stage when the
trophectoderm forms. To determine both the role of ezrin in
the formation of microvilli and whether this posttransla-
tional form of ezrin is linked to epithelial differentiation,
we used an experimental system in which undifferentiated
cells differentiate into epithelial cells. Isolated ICMs cul-
tured in vitro very rapidly form structures similar to blas-
tocysts. The undifferentiated ICM cells located at the
periphery of the cell mass are able to differentiate structur-
ally and functionally into epithelial cells in about 6 h
because a cavity is formed. During this process, we ob-
served that ezrin relocalizes at the apical domain of the
peripheral cells before microvillous formation. This last
step is associated with a major posttranslational modifica-
tion of ezrin.
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Recovery and Culture of Mouse Oocytes and
Embryos
Female OF1 (IFFA CREDO) were superovulated by intraperito-
neal injection of 5 UI pregnant mare serum gonadotrophin (PMSG;
Intervet) and human chorionic gonadotrophin (hCG; Intervet) 48 h
later.
Oocytes and embryos were collected in M2 medium containing
4 mg/ml bovine serum albumin (M2 1 BSA) (Fulton and Whitting-
ham, 1978). Oocytes were collected at 12–14 h post-hCG by
puncturing oviducts ampullae. The cumulus cells were dispersed
by brief exposure to 0.1 M hyaluronidase (Sigma, St. Louis, MO). To
obtain embryos, females were paired overnight with OF1 males and
checked for vaginal plugs the next morning. In these conditions,
fertilization occurs about 12 h post-hCG. Embryos were collected
by flushing oviducts in M2 1 BSA, after which they were cultured
in T6 medium containing BSA (T6 1 BSA) (Howlett et al., 1987)
under paraffin oil in sterile culture dishes at 37°C in 5% CO2.
Drugs
H89 (PKA inhibitor) and bis-indylmaleimide I (PKC inhibitor)
were purchased from Calbiochem (San Diego, CA). 6-DMAP was
purchased from Sigma. Puromycin was purchased from Sigma and
used at 50 mg/ml, a dose that completely inhibits protein synthesis
n preimplantation mouse embryos (Levy et al., 1986).
Antibodies
The rabbit antibody raised against human recombinant ezrin
(kindly provided by P. Mangeat) was characterized previously
(Andre´oli et al., 1994; Louvet et al., 1996). The FITC-conjugated
anti-rabbit antibody was purchased from The Jackson Laboratory
(Bar Harbor, ME).
Isolation of Inner Cell Masses
Inner cell masses were isolated from young blastocysts (96 h
post-hCG) by immunosurgery (Solter and Knowles, 1975). Zonae
pellucidae were removed by a brief incubation in Tyrode acid
solution (Nicolson et al., 1975). The blastocysts were incubated
with a mouse serum (Sigma) diluted 1:5 in M2 medium containing
4 mg/ml polyvinylpyrrolidone (M2 1 PVP) for 30 min. After three
washes in M2 1 BSA, the blastocysts were incubated in a solution
f guinea pig complement (Sigma) diluted 1:10 in M2 1 PVP for 30
in. The dead TE cells were removed by successive passages
hrough a narrow pipette. The ICMs were cultured in T6 medium.
o inhibit protein synthesis at the time of isolation, blastocysts
ere first incubated for 1 h in the presence of 50 mg/ml puromycin.
Immunosurgery was then performed in the presence of the drug. To
ensure that all trophectodermal cells were removed, we performed
an immunofluorescence analysis using the gp330 antibody. Gp330
is specifically expressed in outer cells during epithelial differentia-
tion (Gueth-Hallonet et al., 1994). We never observed any positive
taining of the ICMs for gp330 after immunosurgery.
Cell Fixation and Immunocytological Staining
Inner cell masses were placed in specially designed chambers
containing M2 1 PVP previously coated with 0.1 mg/ml con-
s of reproduction in any form reserved.
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192 Louvet-Valle´e et al.canavalin A (Sigma) in phosphate-buffered saline (PBS) as described
by Maro et al. (1984). After centrifugation at 450g for 10 min at
7°C the samples were fixed in 3.7% formaldehyde (BDH) in PBS
or 30 min at 37°C, neutralized with 50 mM NH4Cl in PBS for 10
min, and postpermeabilized with 0.25% Triton X-100 in PBS for 30
min.
Immunocytological staining was performed by incubating the
fixed samples in the anti-ezrin antibody diluted 1:300 in PBS/
FIG. 1. Distribution of microvilli on inner cell masses after
different times of culture. ICMs were fixed and observed under a
scanning electron microscope just after isolation (A, n 5 13), after
3 h of culture (B, n 5 13), or after 6 h of culture (C, n 5 21). Scale
bar represents 5 mm.
FIG. 2. Localization of ezrin in inner cell masses. Indirect immun
the distribution of ezrin (green) and actin (red) with (i, j) or without
were collected just after isolation (a–d, i, j), after 3 h of culture (e,
in Table 1. Sixty-three ICMs were isolated in the presence of puromyci
Copyright © 2001 by Academic Press. All rightTween (PBS containing 0.1% Tween 20 and 3% BSA) for 30 min,
followed by an incubation in FITC-conjugated anti-rabbit antibody
diluted 1:80 (in PBS/Tween 1 BSA) for 20 min. For the detection of
actin filaments, the samples were incubated 15 min in TRITC–
Phalloidin (1 mg/ml; Sigma) and washed 45 min in PBS/Tween. The
samples were observed under a Leica TCS4D confocal microscope.
Scanning Electron Microscopy
The ICMs were placed in chambers containing M2 1 PVP. The
chambers were coated with poly-L-lysine (1 mg/ml fresh solution;
Sigma) for 1 h. The chambers containing samples were centrifuged
at 450g for 10 min at 37°C. Samples were fixed in 6% glutaralde-
hyde (Sigma) in 0.1 M cacodylate containing 5% sucrose for 1 h at
room temperature, after which they were washed twice in cacody-
late buffer and dehydrated through a graded series of ethanol (10
min each in 20, 40, and 50%; overnight in 70%; and 10 min each in
80, 90, 95, and 100%). Samples were dried from 100% ethanol via
CO2 in a Polaron 3000 critical-point drying apparatus. Coverslips
ere mounted on stubs and coated with a 50-nm layer of gold in a
olaron E5000 Diode sputtering system. Finally, ICMs were exam-
ned in an ISM-35CF Jeol microscope under 20 kV.
Immunoblotting
Eggs and embryos were collected in sample buffer (Laemmli,
1970) and boiled for 5 min. Embryo extracts were separated in an
8% SDS–polyacrylamide shifting gel (100:1, acrylamide:bis) and
then transferred electrophoretically onto a nitrocellulose mem-
brane. The membranes were blocked in TBS/Tween (150 mM
NaCl, 10 mM Tris, pH 7.4, 0.1% Tween 20) containing 3% (w/v)
dry milk powder, followed by an incubation with the anti-ezrin
antibody (1:10,000 in TBS/Tween containing 3% milk) overnight at
4°C. After several washes in TBS/Tween, the membranes were
incubated for 1 h at room temperature with the secondary anti-
rabbit antibody linked to peroxidase (Amersham; 1:10,000 in TBS/
Tween containing 3% milk). The membranes were revealed using
the SuperSignal Ultra (Pierce, Rockford, IL) according to the manu-
facturer’s instructions.
2D-Gel Electrophoresis
Eggs and embryos were stored at 280°C in water containing 1
mM okadaic acid (LC Laboratories, Woburn, MA) and 80 mM
b-glycerophosphate. They were diluted (1:1) with a mixture of 9.8
M urea, 2% Triton X-100, 2% carrier ampholytes, pH 7–9 (Serva,
Heidelberg, Germany), and 100 mM DTT. The preelectrophoresis
of the gel tubes was performed by running at 200 V for 10 min, 300
V for 15 min, and 400 V for 15 min.
Samples were loaded into individual capillary tubes containing
9.2 M urea, 4% acrylamide, 2% Triton X-100, 0.6% carrier am-
pholytes, pH 3–10, 1% carrier ampholytes, pH 4–6.5, and 1.4%
carrier ampholytes, pH 5–8 (Pharmacia, Gaithersburg, MD).
rescence of ICMs collected after different times of culture showing
) puromycin (50 mg/ml). A single confocal section is shown. ICMs
after 6 h of culture (g, h). The numbers of ICMs scored are givenofluo
(a–h
f), orn. Scale bar: 20 mm.
s of reproduction in any form reserved.
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194 Louvet-Valle´e et al.The gels were first run at 400 V for 15 min, then at 750 V for 15
min, and finally at 1000 V for 2.5 h. After focusing, the gels were
removed from the capillary tubes and were placed on the top of an
8% SDS–polyacrylamide shifting gel. Conditions of migration and
immunoblotting were the same as described above.
Dephosphorylation Assay
Just after collection, eggs and embryos were incubated with or
without alkaline phosphatase (10 units) in dephosphorylation
buffer (Boehringer Mannheim Biochemicals, Indianapolis, IN) at
37°C for 30 min. The reactions were stopped by adding 0.2 M
EGTA and 0.1 M b-glycerophosphate. The samples were immedi-
ately stored at 280°C until electrophoresis.
b-N-Acetylglucosaminidase Assay
Eighty late blastocysts were stored in water at 280°C. Ezrin was
analyzed for carbohydrate content by digestion of the lysate with
b-N-acetyl-glucosaminidase. Lysate (final volume of 13 ml) was
incubated for 24 h at 37°C with or without (controls) 0.04 units of
jack bean b-N-acetylglucosaminidase (Boehringer Mannheim) in
15 mM (NH4)2SO4, 50 mM citrate–PO4 buffer, pH 4.0, containing
mg aprotinin, 1 mg leupeptin, and 1 mg of a-2-macroglobulin
Boehringer Mannheim) under mineral oil. The reaction was
topped by adding 12 ml of twice-concentrated Laemmli buffer. The
samples were immediately stored at 280°C until electrophoresis.
TABLE 1
Ezrin Localization in ICMs in Culture
Time of
culture
(h)
Number of
ICMs
scored
Cortical
localization of
ezrin in all cells
Apical localization of
ezrin in outer cells
0 55 49% (27) 51% (28)
0.5 22 23% (5) 77% (17)
3 81 0 100% (81)
6 102 0 100% (102)
FIG. 3. Electrophoretic mobility of ezrin during blastocyst formati
(lanes 1–5) or 30 (lane 6) embryos were collected at the beginning of
and 110 h post-hCG), and at hatching (lanes 5 and 6; 118 and 126 h pos
Copyright © 2001 by Academic Press. All rightsSamples were analyzed by immunoblot using the anti-ezrin anti-
body after gel electrophoresis. Because of the very small amount of
material available in mouse preimplantation embryos, an absolute
quantitative analysis after enzyme assay is not possible. The only
meaningful analysis is a comparative analysis of the relative
amount of the two bands. Both forms of ezrin were quantified by
densitometry using the Bio-Rad MultiAnalyst software (Bio-Rad,
Richmond, CA; for each experiment, different film exposures were
used to make sure that the measurements were within the linear
range of the film).
RESULTS
Microvilli Appear Progressively at the Surface of
Isolated ICMs during in Vitro Culture
After isolation, ICM cells are nonpolar and totally devoid
of microvilli (Fig. 1A). After 3 h of culture, a few small
microvilli were observed at the surface of the embryo (Fig.
1B). Their density and length increased after 6 h of culture,
resembling those of trophectoderm cells from a blastocyst
(Fig. 1C).
Ezrin Redistributes to the Apical Domain of Outer
Cells of Isolated ICMs during in Vitro Culture
We then analyzed by immunofluorescence the distribu-
tion of ezrin in ICMs at different times after isolation (Fig.
2). When inner cell masses were fixed immediately after
isolation, two different staining patterns were observed: in
half of the ICMs, ezrin staining was observed all over the
periphery of the cells, including cell contact areas where it
colocalized with actin (Table 1; Figs. 2a and 2b); in the
other half, the staining was more intense at the apical pole
of the external cells (Figs. 2c and 2d). It should be noted
that, at this time, microvilli were totally absent from the
cell surface (Fig. 1A). After 30 min, we observed that ezrin
was found at the periphery of the ICMs in 77% of the cases
(Table 1). After 3 h of culture, ezrin was detected at the
apical pole of the external cells (Fig. 2e), where only a few
munoblots were performed with the anti-ezrin antibody. Twenty
tion (lane 1; 92 h post-hCG), during cavitation (lanes 2–4; 98, 102,on. Im
cavitat-hCG). Three experiments were done.
of reproduction in any form reserved.
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195Ezrin and Epithelial Differentiationsmall microvilli were present (Fig. 1b). Actin remained
localized all around the cortex during this process (Fig. 2f).
After 6 h, when inner cell masses already possessed a cavity
and were covered with microvilli, ezrin was almost totally
localized at the apical cortex of external cells (Figs. 2g and
2h). Thus, ezrin is distributed to the cortex a few hours
before microvilli formation.
Because ezrin was already observed in ICMs just after
isolation, while it is not detected in the ICM of whole
blastocyst (Louvet et al., 1996), we wondered whether it
was already present in ICM cells. Thus, we cultured blas-
tocysts for 1 h in the presence of puromycin, an inhibitor of
protein synthesis, before and during immunosurgery. The
staining of ezrin was identical in either the absence or the
presence of puromycin, indicating that a cytoplasmic pool
of ezrin is relocated rapidly to the cortex (Figs. 2i and 2j).
A Major Posttranslational Modification of Ezrin
Takes Place during Epithelial Differentiation
During early development, we observed the appearance of
a new posttranslational form of ezrin (Louvet et al., 1996).
This form becomes prominent at later stages of blastocyst
formation (Fig. 3). We used the ICM system to determine
whether this change was related to the setting up of an
apical pole of microvilli. By immunoblotting after a one-
dimensional shifting gel, we analyzed the behavior of ezrin
during in vitro culture of isolated ICM. Two bands were
present at all time points examined, but their relative
amount changed with time: the lower band was prominent
just after isolation, while the upper band became the major
form after 6 h of culture (Fig. 4). The lower band is the only
form detected in oocytes, while the two bands were found
in blastocysts, although the upper band corresponds to the
minor form at this stage (Fig. 4). We observed a similar
change when two-dimensional electrophoresis followed by
Western blotting analysis was performed with ICMs col-
lected just after isolation and after 6 h of culture (Fig. 5).
Four spots of ezrin were observed in freshly isolated ICMs
(Fig. 5A) and in blastocysts (Fig. 7A), while only two were
FIG. 4. Electrophoretic mobility of ezrin during the differentiation
antibody. Lane 1: 20 oocytes; lane 2: 25 blastocysts, 102 h post-hC
24 ICMs collected after 3 h of culture (i.e., 99 h post-hCG); lane 5:
blot, corresponding to lanes 1 and 2, was exposed 1 min and the sclearly observed after 6 h of culture (Fig. 5B). Moreover, the
Copyright © 2001 by Academic Press. All rightnly retarded spot (Spot 3) became prominent, while two
ther spots disappeared almost completely (Spots 2 and 4).
he amount of Spot 1 decreased from 54% to 37%, while
he amount of Spot 3 increased from 21% to 62%. Taken
ogether, these data demonstrate that the upper band that
as observed on one-dimensional gel corresponds to Spot 3
n 2D gels because both appear and accumulate concomi-
antly.
Thus the distribution of ezrin at the periphery of the
xternal cells of the ICM correlates with a major posttrans-
ational modification of the protein.
Relationships between the Different Forms of Ezrin
in Mouse Embryos
We showed previously that the Spots 1 and 2 of ezrin are
phosphorylated on tyrosine residues (Louvet et al., 1996). In
an attempt to determine the relationships between these
two spots, which are the only forms present at the begin-
ning of preimplantation development (Fig. 6A), we treated
oocyte extracts with alkaline phosphatase. As seen in Fig.
6B, alkaline phosphatase caused a decrease of the intensity
of the Spot 2 and an increase of the intensity of the Spot 1
(P 5 0.006 using the Welch t test). This result suggests that
ner cell masses. Immunoblots were performed with the anti-ezrin
e 3: 29 ICMs collected just after isolation, 96 h post-hCG; lane 4:
CMs collected after 6 h of culture (i.e., 102 h post-hCG). The first
, 15 min. Six experiments were done.
FIG. 5. Ezrin forms present in ICMs after different times of
culture. Extracts containing 181 ICMs collected just after isolation
(A) or 137 ICMs collected after 6 h of culture (B) were analyzed by
immunoblot using the anti-ezrin antibody after 2D-gel electro-of in
G; lan
25 Iphoresis. Two experiments were done.
s of reproduction in any form reserved.
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196 Louvet-Valle´e et al.Spot 2 is phosphorylated on serine and/or threonine resi-
dues. The level of phosphorylation of any protein depends
on the relative activities of protein phosphatases and ki-
nase. To modify this equilibrium, we used a ubiquitous
kinase inhibitor, the 6-DMAP. The inhibition of kinases
also induced a significant increase of the amount of Spot 1
(P 5 0.005). This suggests that Spot 2 derives from Spot 1
y phosphorylation on serine and/or threonine residues.
When blastocysts were recovered in water, three major
pots were detected and a fourth minor spot could be
bserved very rarely. We showed previously that only Spot
is not phosphorylated on tyrosine residues (Louvet et al.,
996). To characterize the relationships between these
ifferent spots, we treated blastocysts with alkaline phos-
hatase to investigate a possible phosphorylation on serine
nd/or threonine residues. After treatment with alkaline
hosphatase the amount of Spot 2 slightly decreased (Fig. 7)
nd the amount of Spot 1 increased. The inhibition of
inases by 6-DMAP induced an increase in the amount of
pot 1 and a decrease in the amount of Spot 3. In these two
onditions, the three spots were always present and the
elative amount of each changed; the fourth spot was never
FIG. 6. In vitro dephosphorylation of ezrin in oocyte extracts. (A)
ifty oocytes, collected in water (control) or incubated in the
resence of 10 units of alkaline phosphatase (Alkaline PPase) or in
he presence of 5 mM 6-DMAP (6-DMAP), were analyzed by
mmunoblot using the anti-ezrin antibody after 2D-gel electro-
horesis. (B) Fifty oocytes, collected in water (control, n 5 5) or
ncubated in the presence of 10 units of alkaline phosphatase
Alkaline PPase, n 5 4) or in the presence of 5 mM 6-DMAP
6-DMAP, n 5 3), were analyzed by immunoblot using the anti-
zrin antibody after 2D-gel electrophoresis. Each form of ezrin was
uantified by densitometry and expressed as percentage of total
zrin (means 6 SEM).etected. When phosphatase inhibitors were added in the
Copyright © 2001 by Academic Press. All rightecovery buffer, the Spot 4 of ezrin was relatively abundant
hile the amount of the Spot 2 decreased significantly (Fig.
; P 5 0.05). The presence of phosphatase inhibitors in the
ecovery buffer for oocyte samples did not modify the
umber and the pattern of spots.
These results indicate that Spot 4 is a blastocyst-specific
hosphorylated form, which is totally dephosphorylated in
he absence of phosphatase inhibitors. They suggest also
hat Spot 4 derived from Spot 2 by phosphorylation. Spot 3
s not affected by alkaline phosphatase but is slightly
ensitive to 6-DMAP, suggesting that endogenous kinases
ay be involved on the pathway leading to this posttrans-
ational modification.
Effects of Kinase Inhibitors on Ezrin Relocalization
and Posttranslational Modifications
Because kinases have been involved both in blastomere
polarization (Bloom and McConnell, 1990) and in ezrin
posttranslational modification (Bretscher, 1989; Crepaldi et
al., 1997; Franck et al., 1993; Hanzel et al., 1991), we tested
the effect of different kinase inhibitors. ICMs were isolated
and cultured for 6 h after isolation in the presence of Bis I (a
PKC inhibitor) or H89 (a PKA inhibitor). After 6 h of culture
in the presence of these inhibitors, ezrin was relocalized in
the apical cortex of peripheral cells as in controls (data not
shown) and the upper band was always prominent in
SDS–PAGE (Fig. 8). Finally, to determine whether an un-
identified serine/threonine kinase was required for these
events, ICMs were cultured for 6 h after isolation in the
presence of 6-DMAP. The localization of ezrin and its
electrophoretic mobility were not modified by this treat-
ment (Fig. 8). These data suggest that the distribution of
ezrin and its associated posttranslational modification are
not controlled by a serine/threonine kinase.
Ezrin Is Glycosylated during Blastocyst Formation
Another posttranslational modification that leads to dis-
crete changes in electrophoretic mobility is O-linked gly-
cosylation (see, for example, Starr and Hanover, 1990).
Moreover, this type of modification was previously de-
scribed on some cytoskeletal proteins (Chou et al., 1992;
Dong et al., 1993). When blastocyst lysates were treated
with b-N-acetylglucosaminidase, an enzyme that removes
O-linked N-acetylglucosamine, we observed that the rela-
tive amount of the upper, slow-migrating ezrin form de-
creased by about 50%, while the relative amount of the
lower, fast-migrating form increased (Fig. 9). This suggested
that the major posttranslational modification of ezrin tak-
ing place during preimplantation development corresponds
to an O-linked glycosylation.
DISCUSSION
Trophectoderm differentiation during blastocyst forma-
tion provides a good model for investigating how an epithe-
s of reproduction in any form reserved.
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197Ezrin and Epithelial Differentiationlium develops in vivo. We previously described that ezrin
localizes to the apical pole of the blastomere at compaction
while a new posttranslational form of ezrin appears. Subse-
quently, the relative amount of this form increases with the
maturation of the trophectoderm. To determine the role of
FIG. 7. In vitro dephosphorylation of ezrin in blastocyst extracts
presence of 10 units of alkaline phosphatase (Alkaline PPase) or
phosphatase inhibitors (1 mM okadaic acid and 80 mM b-glycerophos
the anti-ezrin antibody after a 2D-gel electrophoresis. (B) Fifty bla
presence of 10 units of alkaline phosphatase (Alkaline PPase, n 5 2
of phosphatase inhibitors (PPase inhibitors, n 5 2), were analyzed by
Each form of ezrin was quantified by densitometry and expressed
FIG. 8. Effect of different kinase inhibitors on ezrin during ICM
differentiation. ICM were cultured during 6 h in T6 medium (lane
1, 37 ICMs), in T6 medium containing 1.2 mM 6-DMAP (lane 2, 35
ICMs), or 20 mM H89 (lane 3, 26 ICMs) or 1 mM bis-indylmaleimide
I (lane 4, 25 ICMs). Extracts were analyzed by immunoblot using
the anti-ezrin antibody. (Three immunoblots were performed fort6-DMAP treatment, two for bis-indylmaleimide I, and one for H89.)
Copyright © 2001 by Academic Press. All rightzrin in the formation of microvilli and whether this
osttranslational form is specific to the differentiation of
pithelial cells, we developed an experimental approach
onsisting of the isolation and culture of the undifferenti-
ted cells of the blastocysts, the inner cell mass. These cells
ave the capacity to differentiate rapidly to form miniblas-
ocysts. Thus, we investigated the behavior of ezrin during
he differentiation of ICMs. Surprisingly, just after immu-
osurgery, when the inner cells of blastocysts became
xternal, ezrin colocalized with F-actin at the cell cortex in
alf of the ICMs. This redistribution can occur in the
bsence of protein synthesis. Previously, we observed by
mmunofluorescence that, in blastocysts, ezrin was specifi-
ally localized at the apical pole of the trophectoderm cells
nd could not be detected in the inner cell mass (Louvet et
l., 1996). Our present data suggest the presence of a diffuse
ytoplasmic pool of ezrin in ICM cells not detectable by
mmunofluorescence. Then, during the time necessary to
liminate the dead trophectodermal cells from the ICMs (15
Fifty blastocysts, collected in buffer (control) or incubated in the
he presence of 5 mM 6-DMAP (6-DMAP), or in the presence of
e; PPase inhibitors), were analyzed by immunoblot performed with
ysts were collected in buffer (control, n 5 3) or incubated in the
in the presence of 5 mM 6-DMAP (6-DMAP, n 5 2) or in presence
unoblot using the anti-ezrin antibody after 2D-gel electrophoresis.
rcentage of total ezrin (means 6 SEM).. (A)
in t
phat
stoc
) or
immo 20 min), the cytoplasmic ezrin rapidly relocalizes to the
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198 Louvet-Valle´e et al.cortex. This takes place in all ICM cells probably because
all cells are transiently exposed to the external medium
during the immunosurgery process (see the rounding up of
the cells on Fig. 1A). In 51% of cases, ezrin was already
more concentrated at the apical pole of the external cells at
the time of isolation. This corresponds to the localization
observed on ICMs fixed after 3 h of culture. This suggested
that ezrin relocalizes very rapidly to the cortex of external
cells and was confirmed by the analysis of ICMs 30 min
after isolation. Ezrin was detected at the periphery of all
cells in only 23% of the ICMs. This corresponds to the
observation that during epithelial biogenesis, ezrin disap-
pears rapidly from the cell contact areas and relocalizes at
the apical pole of the external cells only. Thus, the behavior
of ezrin is the same during the differentiation of the ICMs
and the preimplantation development of the mouse em-
bryo.
The transient localization of ezrin at cell–cell contacts
was also previously reported by Kotani et al. (1997) in
DCK cells. When MDCK cell aggregates were placed in a
ow-calcium medium, the cells round up and ERM proteins
olocalized with F-actin in cortical bundles all around the
ell periphery. At 30 min after transfer in a normal calcium
edium, ERM are still observed all around the periphery of
he cells, even in newly established cell contact areas.
hen, during the reformation of the aggregates, the staining
t the cell contacts disappears progressively while it re-
ains at the apical cortex. Our present data and the
revious observations suggest that ERM proteins are ad-
FIG. 9. In vitro effect of b-N-acetylglucosaminidase on ezrin in bl
at 37°C in the presence (1, lane 2) or absence (2, lane 1) of 0.04 un
densitometry and expressed as percentage of total ezrin (means 6 SE
is very significant (P 5 0.014 using the paired t test).ressed at the cell periphery in the absence of cell contacts. t
Copyright © 2001 by Academic Press. All rightollowing the establishment of cell–cell contacts, ERM
roteins are progressively removed from these areas.
The acquisition of an epithelial phenotype by outer cells
n the whole embryo is correlated with the appearance of
pot 3. Moreover, both in late blastocysts and in the in
itro-cultured ICMs, this form becomes the major one.
hus, it seems that it is specific of the presence of epithelial
ells and could be involved in the stabilization of the
icrovilli at the apical pole.
There are now many examples of redistribution of cyto-
lasmic ezrin to the plasma membrane which have been
orrelated with a phosphorylation event (Chen et al., 1995;
rushidani et al., 1989). Similarly, we can imagine that
pot 3 corresponds to a phosphorylated form of ezrin. It is
ot phosphorylated on tyrosine and our present data suggest
hat it is not the result of a phosphorylation on serine or
hreonine residues. However, the inhibition of serine/
hreonine kinases in vitro induces a decrease in the amount
f Spot 3, indicating that a kinase may be involved in the
athway leading to this posttranslational modification. The
ulture of ICMs in the presence of different kinase inhibi-
ors suggests that in vivo this posttranslational modifica-
ion is not controlled by a serine/threonine kinase. The
ifference between the results obtained in vivo and in vitro
ould be explained either by differences in the compartmen-
alization of the kinase or to the higher dose of drug used in
itro.
Our observations suggest that one of the steps leading to
pot 3 is an O-linked glycosylation. Until now, this post-
yst extracts. Extracts from 80 late blastocysts were treated for 24 h
b-N-acetylglucosaminidase. Each form of ezrin was quantified by
our separate experiments were performed. The difference observedastoc
its of
M). Franslational modification has not been described for ERM
s of reproduction in any form reserved.
199Ezrin and Epithelial Differentiationproteins. O-glycosylation sites were mapped for two pro-
teins of the same superfamily (talin and Band 4.1) and in
other proteins (Snow and Hart, 1998). All these sites have
completely different sequences. Thus, no consensus site for
O-glycosylation could be defined (Snow and Hart, 1998).
Moreover, in ezrin we did not find any sequence showing a
similarity with the O-glycosylation sites mapped in talin
and Band 4.1. The proximity of O-linked glycosylation sites
to phosphorylation sites is observed in different proteins
like synapsin I, and this can modulate the association
properties of the protein (Chou et al., 1995; Cole and Hart,
1999). In the case of the Sp1 transcription factor, O-linked
glycosylation blocks the interaction with some of its part-
ners (Roos et al., 1997) while it modulates the interaction of
CD44 with hyaluronan (Skelton et al., 1998). Such a post-
translational modification taking place during blastocyst
formation may play a role in the setting up of new interac-
tions between ezrin and proteins involved in the differen-
tiated function of the epithelium.
The preimplantation development of the whole mouse
embryo does not allow the study of the role of ezrin in the
formation of microvilli because they are already present at
the surface of the cells at the one-cell stage. In contrast, the
ICMs are composed of cells totally devoid of microvilli at
their surface. This allowed us to observe that ezrin relocal-
izes at the cell cortex before microvilli formation, suggest-
ing that it is involved in this process in mouse early
embryos. The stabilization of the apical pole of microvilli at
compaction plays a major role in the divergence of the first
two lineages of the mouse embryo. The concomitant ap-
pearance of a new posttranslational form of ezrin with the
formation of stable microvilli at the apical surface of
preimplantation embryo suggested that Spot 3 was involved
in this stabilization. Our present study of ICM differentia-
tion strengthens this hypothesis because this posttransla-
tional modification becomes progressively prominent when
apical poles of stable microvilli form at the surface of outer
cells.
ACKNOWLEDGMENTS
We thank P. Mangeat for the gift of the ezrin antibody, R.
Schwartzmann and G. Ge´raud for their expert assistance with the
confocal microscope, and G. Pahlavan for critical reading of the
manuscript. This work was supported by C.N.R.S. (Action Biologie
Cellulaire) and grants from the Association pour la Recherche
contre le Cancer and the Fondation pour la Recherche Medicale to
B.M. Sophie Louvet-Valle´e was in receipt of a fellowship from the
Association pour la Recherche contre le Cancer.
REFERENCES
Algrain, M., Turunen, O., Vaheri, A., Louvard, D., and Arpin, M.
(1993). Ezrin contains cytoskeleton and membrane binding do-
mains accounting for its proposed role as a membrane–
cytoskeletal linker. J. Cell Biol. 120, 129–139.
Copyright © 2001 by Academic Press. All rightAndre´oli, C., Martin, M., Le Borgne, R., Reggio, H., and Mangeat, P.
(1994). Ezrin has properties to self-associate at the plasma mem-
brane. J. Cell Sci. 107, 2509–2521.
Berryman, M., Franck, Z., and Bretscher, A. (1993). Ezrin is con-
centrated in the apical microvilli of a wide variety of epithelial
cells whereas moesin is found primarily in endothelial cells.
J. Cell Sci. 105, 1025–1043.
Bloom, T., and McConnell, J. (1990). Changes in protein phosphor-
ylation associated with compaction of the mouse preimplanta-
tion embryo. Mol. Reprod. Dev. 26, 199–210.
Bloom, T. L. (1989). The effects of phorbol ester on mouse blas-
tomeres: A role for protein kinase C in compaction? Develop-
ment 106, 159–171.
Bretscher, A. (1983). Purification of an 80,000-dalton protein that is
a component of the isolated microvillus cytoskeleton, and its
localization in nonmuscle cells. J. Cell Biol. 97, 425–432.
Bretscher, A. (1989). Rapid phosphorylation and reorganization of
ezrin and spectrin accompany morphological changes induced in
A 431 cells by epidermal growth factor. J. Cell Biol. 108, 921–930.
Chen, J., Cohn, J. A., and Mandel, L. J. (1995). Dephosphorylation of
ezrin as an early event in renal microvillar breakdown and anoxic
injury. Proc. Natl. Acad. Sci. USA 92, 7495–7499.
Chou, C. F., Smith, A. J., and Omary, M. B. (1992). Characterization
and dynamics of O-linked glycosylation of human cytokeratin 8
and 18. J. Biol. Chem. 267, 3901–3906.
Chou, T. Y., Dang, C. V., and Hart, G. W. (1995). Glycosylation of
the c-Myc transactivation domain. Proc. Natl. Acad. Sci. USA
92, 4417–4421.
Cole, R. N., and Hart, G. W. (1999). Glycosylation sites flank
phosphorylation sites on synapsin I: O-linked N-acetylglucos-
amine residues are localized within domains mediating synapsin
I interactions. J. Neurochem. 73, 418–428.
Crepaldi, T., Gautreau, A., Comoglio, P. M., Louvard, D., and
Arpin, M. (1997). Ezrin is an effector of hepatocyte growth
factor-mediated migration and morphogenesis in epithelial cells.
J. Cell Biol. 138, 423–434.
Dong, D. L., Xu, Z. S., Chevrier, M. R., Cotter, R. J., Cleveland,
D. W., and Hart, G. W. (1993). Glycosylation of mammalian
neurofilaments. Localization of multiple O-linked N-acetylglu-
cosamine moieties on neurofilament polypeptides L and M.
J. Biol. Chem. 268, 16679–16687.
Edwards, K. A., Montague, R. A., Shepard, S., Edgar, B. A., Erikson,
R. L., and Kiehart, D. P. (1994). Identification of Drosophila
cytoskeletal proteins by induction of abnormal cell shape in
fission yeast. Proc. Natl. Acad. Sci. USA 91, 4589–4593.
Franck, Z., Gary, R., and Bretscher, A. (1993). Moesin, like ezrin,
colocalizes with actin in the cortical cytoskeleton in cultured
cells, but its expression is more variable. J. Cell Sci. 105,
219–231.
Fulton, B. P., and Whittingham, D. G. (1978). Activation of mam-
malian oocytes by intracellular injection of calcium. Nature 273,
149–151.
Gould, K. L., Cooper, J. A., Bretscher, A., and Hunter, T. (1986). The
protein-tyrosine kinase substrate p81 is homologous to a chicken
microvillar core protein. J. Cell Biol. 102, 660–669.
Gueth-Hallonet, C., Santa-Maria, A., Verroust, P., and Maro, B.
(1994). GP330 is specifically expressed in outer cells during
epithelial differentiation in the preimplantation mouse embryo.
Development 120, 2389–2399.
Hanzel, D., Reggio, H., Bretscher, A., Forte, J. G., and Mangeat, P.
(1991). The secretion-stimulated 80K phosphoprotein of parietal
cells is ezrin, and has properties of a membrane cytoskeletal
s of reproduction in any form reserved.
200 Louvet-Valle´e et al.linker in the induced apical microvilli [published erratum ap-
pears in EMBO J. 1991 Dec;10(12):3978–3981]. EMBO J. 10,
2363–2373.
Helander, T. S., Carpen, O., Turunen, O., Kovanen, P. E., Vaheri,
A., and Timonen, T. (1996). ICAM-2 redistributed by ezrin as a
target for killer cells. Nature 382, 265–268.
Howlett, S. K., Barton, S. C., and Surani, M. A. (1987). Nuclear
cytoplasmic interactions following nuclear transplantation in
mouse embryos. Development 101, 915–923.
Johnson, M. H., and Maro, B. (1986). Time and space in the early
mouse embryo: A cell biological approach to cell diversification.
In “Experimental Approaches to Mammalian Embryonic Devel-
opment” (J. Rossant and R. Pedersen, Eds.), pp. 35–65. Cambridge
University Press, Cambridge.
Kotani, H., Takaishi, K., Sasaki, T., and Takai, Y. (1997). Rho
regulates association of both the ERM family and vinculin with
the plasma membrane in MDCK cells. Oncogene 14, 1705–1713.
Laemmli, U. K. (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680–685.
Lamb, R. F., Ozanne, B. W., Roy, C., McGarry, L., Stipp, C.,
Mangeat, P., and Jay, D. G. (1997). Essential functions of ezrin in
maintenance of cell shape and lamellipodial extension in normal
and transformed fibroblasts. Curr. Biol. 7, 682–688.
Levy, J. B., Johnson, M. H., Goodall, H., and Maro, B. (1986).
Control of the timing of compaction: A major developmental
transition in mouse early embryogenesis. J. Embryol. Exp. Mor-
phol. 95, 213–237.
Louvet, S., Aghion, J., Santa-Maria, A., Mangeat, P., and Maro, B.
(1996). Ezrin becomes restricted to outer cells following asym-
metric division in the preimplantation mouse embryo. Dev. Biol.
177, 568–579.
Maro, B., Johnson, M. H., Pickering, S. J., and Flach, G. (1984).
Changes in the actin distribution during fertilisation of the
mouse egg. J. Embryol. Exp. Morphol. 81, 211–237.
Nicolson, G. L., Yanagimachi, R., and Yanagimachi, H. (1975).
Ultrastructural localization of lectin binding sites on the zonae
pellucidae and plasma membranes of mammalian eggs. J. Cell
Biol. 66, 263–274.
Roos, M. D., Su, K., Baker, J. R., and Kudlow, J. E. (1997). O
glycosylation of an Sp1-derived peptide blocks known Sp1 pro-
tein interactions. Mol. Cell. Biol. 17, 6472–6480.
Roy, C., Martin, M., and Mangeat, P. (1997). A dual involvement of
the amino-terminal domain of ezrin in F- and G-actin binding.
J. Biol. Chem. 272, 20088–20095.
Sato, N., Funayama, N., Nagafuchi, A., Yonemura, S., Tsukita, S.,
and Tsukita, S. (1992). A gene family consisting of ezrin, radixin
Copyright © 2001 by Academic Press. All rightand moesin: Its specific localization at actin filament plasma
membrane association sites. J. Cell Sci. 103, 131–143.
Skelton, T. P., Zeng, C., Nocks, A., and Stamenkovic, I. (1998).
Glycosylation provides both stimulatory and inhibitory effects
on cell surface and soluble CD44 binding to hyaluronan. J. Cell
Biol. 140, 431–446.
Snow, D. M., and Hart, G. W. (1998). Nuclear and cytoplasmic
glycosylation. Int. Rev. Cytol. 181, 43–73.
Solter, D., and Knowles, B. B. (1975). Immunosurgery of mouse
blastocytes. Proc. Natl. Acad. Sci. USA 72, 5099–5102.
Starr, C. M., and Hanover, J. A. (1990). Glycosylation of nuclear
pore protein p62. J. Biol. Chem. 265, 6868–6873.
Takeuchi, K., Sato, N., Kasahara, H., Funayama, N., Nagafuchi, A.,
Yonemura, S., Tsukita, S., and Tsukita, S. (1994). Perturbation of
cell adhesion and microvilli formation by antisense oligonucle-
otides to ERM family members. J. Cell Biol. 125, 1371–1384.
Tsukita, S., Oishi, K., Sato, N., Sagara, J., Kawai, A., and Tsukita, S.
(1994). ERM family members as molecular linkers between the
cell surface glycoprotein CD44 and actin-based cytoskeletons.
J. Cell Biol. 126, 391–401.
Turunen, O., Wahlstrom, T., and Vaheri, A. (1994). Ezrin has a
COOH-terminal actin-binding site that is conserved in the ezrin
protein family. J. Cell Biol. 126, 1445–1453.
Urushidani, T., Hanzel, D. K., and Forte, J. G. (1989). Characteriza-
tion of an 80-kDa phosphoprotein involved in parietal cell
stimulation. Am. J. Physiol. Gastrointest. Liver Physiol. 256,
G1070–G1081.
Winkel, G. K., Ferguson, J. E., Takeichi, M., and Nucitelli, M.
(1990). Activation of protein kinase C triggers premature com-
paction in the four-cell stage mouse embryo. Dev. Biol. 138,
1–15.
Yonemura, S., Nagafuchi, A., Sato, N., and Tsukita, S. (1993).
Concentration of an integral membrane protein, CD43 (leukosia-
lin, sialophorin), in the cleavage furrow through the interaction
of its cytoplasmic domain with actin-based cytoskeletons. J. Cell
Biol. 120, 437–449.
Ziomek, C. A., and Johnson, M. H. (1981). Properties of polar and
apolar cells from the 16-cell mouse morula. Roux’s Arch. Dev.
Biol. 190, 287–296.
Ziomek, C. A., Johnson, M. H., and Handyside, A. H. (1982). The
developmental potential of mouse 16-cell blastomeres. J. Exp.
Zool. 221, 345–355.
Received for publication March 27, 2000
Revised December 14, 2000
Accepted December 22, 2000
Published online January 29, 2001
s of reproduction in any form reserved.
